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The system of the Edison Electric Co. in southern 
California as it exists today, is the result of the con- 
solidation and growth of several smaller systems. A 
frequency of 50 cycles per second was adopted for the - 
first plants, and So when new lines and new power sta- 
tions were added it was almost a necessity to retain 
this frequency • 

Plate I shows the general arrangement of the sys- 
tem as it is at present. The largest and longest trans- 
mission is from the Kern River Plant to Los Angeles. 
Here 20,000 K.W. is transmitted 116 miles* Ahout 90 
miles east of Los Angeles are four water-power plants, 
two on Mill Creek and two on the Santa Ana River. The 
aggregate capacity of these plants is 8,200 K.W. Kost 
of this power however is used in the vicinity of Red- 
lands and Colt on, only a small part being transmitted to 
Los Angeles. At times even the direction of the flow 
of the power is reversed, the Kern River plant taking 
a part of the load east of Los Angeles, There is also 
a 500 K.W. water power plant on Lytle Creek. All of 
this power is used in its immediate vicinity however. 
At Los Angeles there is a large steam turbine station 
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of 10 9 OOO K.W. capacity for use aa reserve and in case 
of emergency. There are also two small steam plants, a 
400 K.W. plant at Redlands and a 550 K.W. plant at Santa 
Monica. The lighting circuits are carried from the 
secondaries of step down transformers fed directly from 
the transmission lines and of course this means th&t 
there must be no violent fluctuations in voltage of the 
main transmission lines. Slow variation in voltage 
such as would be caused by change in the lighting load 
can be taken care of by hand regulation, but the violent 
fluctuations caused by heavy railway loads can be taken 
care of only at the expense of the power -fact or of the 
system, i.e.Tirrill regulator* could be installed on 
the A.C. ends of the motor-generator sets carrying the 
railway load or the exciters could be compounded with a 
part of the direct current supplied by the motor gen- 
erators. Either of these methods means a lower average 
power-factor and so greater heating in the synchronous 
motors and transformers feeding them and lower line ef- 
ficiency. If the railway load is only a small part of 
the total, as in this case, this point is not very im- 
portant but there is a great deal of available railway 
load in the district around Los Angeles, and if the com- 



pany was in a position to handle it to advantage they 
could probably get a considerable part of it. Hence 
the object of this investigation is to re-design the 
general features of the system on the assumption that 
all of the present electrical machinery is wiped out 
so that there will be no limitations of frequency or 
voltage imposed by existing apparatus. That is, it is 
proposed to determine the best frequency, voltages, sizes 
of high-tension lines, and general arrangement of sta- 
tions. It is not intended to make a detailed design of 
any of the stations but simply to decide on the general 
arrangement of bus-bars, switches, transformers, etc. 
on account of the effect that it has on the comparative 
cost of the system at different voltages. 

The following is an estimate of the loads at the 
different stations made by Mr. Ensign: 
Station Pumping Factory Lighting Railway Total 



Redlands 


700 




400 


200 


900 


Colton 


1800 






900 


2200 


Pomona 


800 




500 




900 


Fuller ton 


450 




450 




700 


Pasadena 




250 


1300 




1500 


Los Angeles 




2000 


7000 


9000 


17000 


Santa Monica' 


^ 










Inglewood 


I 500 




5000 




5000 


Redondo 


1 










Long Beach 


J 

4250 










Total 


2250 


14650 


10100 


24000 
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Three phase transmission has so many advantages 
over any other number of phases that nothing else was 
considered and 80 all that follows applies tc three 
phase transmission. 

In the United States 25 and 60 cycles per second 
are the only standard frequencies so in deciding on the 
frequency of the system it is simply a question of de- 
ciding between 25 add 60 cycles* It is true that 15 
cycles has been proposed for single phase railway work 
and has some advantages over 25 in this field, hut up to 
date all, I think, of the single phase roads in opera- 
tion have adapted 25 cycles; so even for single phase 
railways 25 cycles may he considered as standard. 

For a system whose load is entirely lighting 60 
cycles is undoubtedly the best. Both arcs and incandes- 
cents are very satisfactory at this frequency; trans- 
formers are smaller and. cost less than at 25 cycles; and 
rather poor line regulation is not objectionable since 
the variations in load are slow enough to be followed 
accurately by hand adjustment of induction regulators 
or by the field rheostats of the generators. 

On the other h*nd f if the current is used entire- 
ly for power purposep,25 cycles is much better. 25 cy- 
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cle induction motors have a much better power factor 
than 60 cycle motors, and this means that if a large num- 
ber of induction motors are used the general power fac- 
tor of the whole system will be much better at 25 cycles. 
Of course over-excited synchronous motors could be used 
to compensate for the lagging current f but 25 cycles 
would still have the advantage in that less over -excita- 
tion would be required* For getting 600 volt direct 
curreijt for railway purposes, rotary convertors with 
transformers operating on 25 cycles are very satisfac- 
tory; and while 60 cycle rotaries are built for 600 
volts, their design is necessarily inferior to 25 cycle 
rotaries, and motor generators are generally used in- 
stead. If single phase railway load is to be handled 
motor generator sets would be required with the 60 cycle 
transmission, while with 25 cycles the railway load could 
be carried directly from the transformer secondaries* 
Hence it is seen that the choice of frequency 
is determined principally by the character of the load 
to be carried. The usual conditions, as in this case, 
are that a great variety of load is to be carried by the 
system, and so the best frequency is determined by the 
relative amounts of the different kinds of load and also 
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by the judgment of the engineer as to what kind of load 
may he expected in the future • 

From the table previously given it is seen that 
about one half of the load is lighting and one half 
power; but on account of the rapid development of the 
electric railways around Los Angeles, it is probable that 
the power load will increase more rapidly than the light- 
ing load. It is seen that the estimate of the total is 
not the sum of the separate maxima. This is on account 
of the peaks in the load curves of different kinds com- 
ing at different times. Power for irrigating! for in- 
stance, is sold at a very low rate on condition that the 
consumer is not to take current during the lighting peak. 

If 60 cycle 8 is used the best arrangement is prob- 
ably the one in use at present, i.e. motor-generators 
for the railway work and Edison three wire D.C.; and 
the lighting and induction motor circuits fed through 
transformers from the main transmission lines. 

If 25 cycles is used, rotary converters with 
transformers could be used for the railway circuits and 
motor-generators converting to 60 cycles would be de- 
sirable for feeding the lighting circuits. Of course 
the incandescent circuits could be operated at 25 cycles 
but if this was done the regulation of the main trans- 
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mission lines would have to be very good, since incandes- 
cent lamps flicker perceptibly on 25 cycles when the 
voltage is a little low, and it would be more satisfac- 
tory to install motor generators for converting to 
60 cycles and not attempt to regulate the 25 cycle 
system accurately. This puts the regulation of the 
lighting circuits under the control of the substation 
feeding them and so is independent of the regulation of 
the main transmission lines. However the voltage of 
the D.C. end of the rotaries feeding the railway cir- 
cuits is not capable of independent control in this way, 
but since the regulation of the railway circuits is not 
nearly so important as the lighting circuits this point 
is not objectionable • With the lighting circuits fed 
directly from the main transmission lines and motor- 
generators used for the railway circuits, the railway 
circuits are capable of being regulated accurately but 
the lighting circuits are not independent of the fluc- 
tuations caused by the railway load, except as before 
stated at the expense of the power factor. With motor- 
generators feeding the lighting circuits, however, the 
regulation is where it belongs, and the company is in a 
position to give good lighting service and still handle 
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large railway loads economically. Plate II gives the 
regulation of the Kern River line at both 25 and 60 cy- 
cles at 60000 volts receiver pressure* Plate III gives 
the same at 80,000 volts. The diagrams are all drawn 
to the same scale so the relative size gives a clear 
idea of the effect of changing frequency. Obviously 
in so far as regulation is concerned 25 cycles is far 
the better. 

The following is a summary of the relative ad- 
vantages of the two systems, 25 cycles using rotaries 
for the railway load and 25-60 cycle motor generators 
for the lighting load; and 60 cycles using motor gen- 
erators for the railway load and feeding the lighting 
circuits, through transformers, from the main transmis- 
sion lines. 

25 Cycles. 60 Cycles. 

Better regulation of Better regulation of rail-- 
lighting circuits when way circuits, 
there is a large railway 
load. 

Lower first cost for Lower first cost for light- 
railway load. ing load. 

Better regulation of 
transmission line. Smaller 
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25 Cycles* 60 Cycles* 

charging current • 

Induction motors have 
"better power factor. 

Mixed load can be han- 
dled better. 

25 cycles was selected as the best frequency for this 
case. It was also decided to use rotary coinrertors for 
getting 600 volt, direct current for railway purposes f 
and synchronous motor-generator sets for carrying the 
lighting load. 62^2 cycles was selected instead of 60 
for the lighting circuits "because of the greater varie- 
ty of possible motor-generator speeds. With 25 to 60 
cycle motor generator sets the only possible speeds are 
the sub-multiples of 300 while, if 62^2 cycles is used 
the available speeds are the sub -multiples of 750. 
Standard 60 cycle apparatus can be used on the 62^2 cy- 
cle circuits since, at the slightly higher frequency 
the core loss and magnetizing current of transformers, 
etc. will be less, and the increase in frequency is not 
enough to interfere with such small motors as might 
be operated from the lighting circuits. 

Before considering the question of voltage it 
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will be necessary to decide upon the scheme of trans- 
former connections to be used, since the cost of trans- 
formers depends upon their voltage, which in turn de- 
pends upon whether star or delta connection of the high- 
tension windings is to he used* The scheme decided up- 
on was star connection on the high-tension side and del- 
ta on the low, with the high-tension neutral grounded* 
It has many advantages over other combinations of star 
and delta connections. One transformer or one line can 
be cut out, and the two remaining will deliver three- 
phase power to the lowrtension circuit. If three-phase 
rotaries, or six-phase rotaries using double delta con- 
nected transformer secondaries are operated from the 
low- tension side, they will operate just as well with 
one line wire out except that the regulation will not 
be quite so good. If six phase rotaries with diametric- 
ally connected transformer secondaries are used, cut- 
ting out one transformer will cut off the power supply 
from one diameter, and so increased heating will result, 
but full load can still be carried. 

Transformers connected delta or both high and 
low tension sides give the same flexibility as regards 
cutting out single transformers, but the three lines 
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must be in all of the time to dejliver three-phase power. 
However delta connected transformers have the advantage 
in that cutting out a transformer does not cut out a 
high tension wire and so does not affect the line regu- 
lation. This advantage is slight compared with the abil- 
ity to operate with one high tension wire cut out, 
since cases of line trouble are of far more frequent 
occurrence than cases of transformer trouble. 

With the star high tension and delta low tension 
connection there is no chance of getting abnormally high 
voltages by direct transformation as long as the ground 
connections are maintained and there is no possibility 
of getting excessive voltages by resonance unless a 
transformer becomes disconnected from the low tension 
delta with the high tension side still in. Hence the 
low tension transformer leads should not be fused. When 
one line is cut out the earth forms the third leg of an 
inverted three-phase system. In this case each of the 
remaining line wires carries ft* times as much, and the 
earth the same current as was carried originally by each 
line wire* Hence if we neglect the drop in the earth 
the line drop will be 73^ greater than before. 
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The selection of the best voltage for a given 
transmission depends upon the allowable drop and economic 
conditions subject to engineering limitations* Since 
very accurate regulation is not important in this case 
on account of using motor-generator sets for lighting, 
it was found that if the economic conditions were satis- 
fied, the drop was well within limits set by operating 
conditions* That is, the best voltage to use is the 
one which will make the cheapest system both to construct 
and to operate, due account being taken of all factors 
which enter into the costs, such as repairs, depreciation 
and reliability* A certain case might apparently re- 
quire a voltage considerably higher than what is con- 
sidered standard practice, but increased cost of repairs 
and increased trouble due to the excessive voltage might 
easily make the lower voltage more desirable* 

The standard average high-tension voltages rec- 
ommended by the last report of the Standardization Com- 
mittee of the American Institute of Electrical Engineers 
are as follows. 

6600 - 11000 - 22000 - 33000 - 44000 - 66000 - 88000 
So any other than these was not considered* 
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The economical current density was determined as 
follows. The method is really a statement of Kelvin 1 8 Law* 
Let i « Square root of mean square current, i.e. the cur- 
rent which is flowing continually for the year would 
give the same copper loss as the actual current* 
r» Resistance of the conductor considered. 
1« Length in feet of the conductor considered, 
cm. -Circular Kills cross section of the conductor. 
c^-Cost of electrical energy per K.W.Hr. 
c^Cost of copper per lb. 

a • Rate per yr. which the company earns on its ac- 
tual in7estment t unless this is less than the rate 
for which money can he borrowed. 

Then for copper conductors r ^ 10.55 1 

c.nw « 

K.W.Ers. lost per year ^ l 2 r x 24 x 365 10.35 x 24 x 365 

% 1555 * 1555 

C«BU 

Cost of energy lost per yr. n 10.35 x 24 x 366 x li 2 Ci 

IoT5o" cm. 

Cost of copper -3.02 x 10"^ 03 1 cm. 

Total cost per year * T % 10.35 x 24 x 365 x ll 2 c, 

IOTJO" e.n/ 



+ 3.02 x 10" 6 aC2 1 cm. 
Let Ki 10.35 x 24 x 3 65 

looo 
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K2-3.02 x 1(T 6 

o 
Then T * Ki li C \+ Kgacglc *m> 
c*m* 



P or T minimum 

dT m 
dc*m* 

Hence dT 



dS37 icm)* 5 r w 

cm^fKi Ct 5479 [ ci 
c 2 ~ I 1 




42 ^2 ' ac 2 
In the above a is taken as the percentage earned 

by the company rather than the rate for which money can 
be borrowed because a company would not care to invest 
money in additional copper unless it would bring at 
least as high a rate of interest in cost of power saved 
as was being earned by the rest of their capital* Other- 
wise increasing the investment would decrease the per- 
centage earnings. 

This equation gives the economical current densi- 
ty in circular mills per square root of mean square am- 
pere* To reduce this to circular mills per max* ampere 
it must be multiplied by ratio of the square root of the 
mean square to the maximum* This ratio will be somewhat 
larger than the load factor, which is the ratio of the 
average to the maximum , since in general the square root 
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of the mean square ie greater than the average* The 
ratio of the square root of the mean square to the aver- 
age was determined for two of the curves shown in Plate 
IV* This was 1.07 for one and 1.075 for the other. 
Hence since the load factor for the month is 50.9^ the 
ratio of the square root of the mean square to the maxi- 
mum for the month will he about if greater or 54 ^bf. 
For the year this would be somewhat less, but on the con- 
trary the load factor of the main transmission lines 
from the water-power plants and hence the ratios of the 
square root of the mean square to the maximum, will be 
greater because of the steam power used to help out at 
the peak load* Also the current density ought to be 
somewhat less than given by the above considerations 
since there will be times when one transmission line is 
cut out for repairs and the remaining lines will carry 
all of the load. This would mean more energy loss than 
is accounted for by the equations and hence a larger 
economical cross section of copper. So if we take the 
ratio of the square root of the mean square to the maxi- 
mum as 605b we will about take care of the conditions. 



Taking c, - 0.003 cm ^2632 
Co -0.13 "T" 
a -0.10 
And cm 

I^x^ 0.60 x 2632 - 1579 
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For the lines between Redlands and Los Angeles 
where the direction of the flow of power reverses the 
ratio of the square root of the mean square to the maxi- 
mum is very uncertain; hut 60fc was taken on this as well 
as on all of the other lines* This makes the economical 
current density, as derired above, 1579 circular mills 
per ampere. 

A preliminary investigation of the Kern River 
line showed that 44,000 volts or anything less would not 
do because of the very rapid increase in the cost of 
copper. At this voltage also the drop becomes the limit- 
ing condition so that the cross section of copper would 
have to be increased beyond the economical density add- 
ing still further to the disadvantage of the lower vol- 
tage. Hence for the Kern River line the selection of 
the economical voltage becomes a question of choosing 
between 66,000 and 88,000 volts average which is about 
60,000 or 80,000 at the receiving end of the line. The 
following is an estimate of the comparative cost of the 
line at 66,000 and 88,000 volts. Only those items are 
included which are affected by a change in voltage. The 
difference in weight of the copper would make practically 
no difference in the cost of steel towers so this is not 
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included. Also oil switches would cost nearly the same 

at either voltage so they are left out. For the cost 

of transformers the following formula was used: 

c -1.30 ( E ■ + 55) lfTW. # 
ToW 



88,000 volts. 
(116 + 2/) x 6 miles #0 Copper® (13 + 1^2)/ 
13 - 1670 K.VT. Transformers (50810 volts) 
13 - 1550 K.W. " (46190 volts) 
7200 Insulators $5.70 

66,000 volts. 
(116+2;:) x 6 miles #00 Copper & (13+1^2)/ 
13 - 1670 K.W. Transformers (38100 volts) 
13 - 1550 K.W. " (34680 volts) 
7200 Insulators $3.00 



173624 

73069 

67334 

41040 
f355067 

218890 

64298 

59616 

21600 
#364404 



At 88,000 volts the cost of the power wasted per 
year under the conditions assumed would be (15688 while 
at 66,000 volts it would be$20325.The difference capi- 
talized at 10/ is $49370 which means that the 88,000 
volt line could cost $49370 more than the 66,000 volt 
line and still he equally economical. Hence the total 
advantage of the 88,000 volt line over the 66,000 volt 
# Mershon in paper given at A.I.E.E. meeting, Dec. 23, 04. 
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one is $58707 according to computations. However, the 
question of reliability and the cost of additional re- 
pairs due to the higher voltage is not taken into ac- 
count and is very hard to estimate. Also the loss of 
power through "brush discharge and leakage over insulators, 
etc. is not taken into consideration. All of these will 
decrease the apparent advantage of 88,000 volts and as 
88,000 volts is considerably beyond present standard 
practice it was decided to use 66,000. 

For the other lines it was seen that the choice 
was to be between 33,000 and 44,000 volts. The maximum 
power transmitted over the lines between Redlands and 
Los Angeles was estimated by MT. Ensign to be 4,000 K.V7. 
At 44,000 volts two circuits of #4 gives about the right 
current density, and since #4 is the smallest size which 
it is advisable to put up for mechanical reasons, 44,000 
volts is obviously the highest voltage to be considered 
even if it were not for the shorter lines. So this part 
of the system was designed for 33,000 and 44,000 volts. 

The following is an estimate of the cost at 33,000 
volts of the items depending upon the voltage. The re- 
sistance drop in percent is also given for 100^ power 
factor. 1 

i. Formula used P^ 5 *« 7 *P*KW .t, 10** where D Distance in miles, 

TJ27C^co3jp 
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10-83 K.W. 



13 - 250 K 
3 - 83 K 



C.W. 1 
.W. J 



13 - 250 K.W. 
17 - 200 K.W. 

3-67 K.W. 

3 - 233 K.W. 

6 - 167 K.W. 

3-600 K.W. 

3-300 K.W. 

3-500 K.W. 

3 - 250 K.W. 
20 - 250 K.W. 



Transformer ». 
Kill Creek #1 
Mill Creek #2 and #3 

S.A.R. #1 

S.A.E. #2 

Redlands 

Redlands 

Colton 

Col ton 

Pomona 

Pasadena 

Fullerton 



$ 8764 

19773 
2629 

19773 

23128 

2362 

4405 

7459 

7069 

4999 

6453 

4563 



Santa Monica. Long Beach, et c. 30421 

$141798 



Total High Tension Copper 
Total Transformer 
9000Line Insulator 66/ 



#118879 

141798 

5940 
1266617 
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22 
Hence it is seen that the 44,000 volt system will 
cost $12524 less to construct than the 35,000 volt sys- 
tem and since the current density is the same, the 44,000 
Tolt system will also he more economical to operate. 
Hence 44,000 volts was decided upon as the voltage to 
use in this case. It will he noticed that no transform- 
ers are included in this estimate for the Los Angeles 
station. It was planned to take out taps from the 60,000 
volt transformers at the proper points to get 44,000 
volts. This removes any apparent disadvantage in using 
the two high-tension voltages on different parts of the 
system. Transformers of sufficient capacity to handle 
all of the Kern River power would have to he installed 
at Los Angeles anyway so that modifying them slightly 
to get 44,000 volts would only involve a small addition- 
al expense and in so far as the Los Angeles transformers 
are concerned it makes practically no difference whether 
the Kern River voltage is carried to the system east of 
Los Angeles or not. Of course the transformers would 
have to he designed with this in view. The coils near 
the 44,000 volt taps would have to he re-enforced to 
stand the strains due to surges coming in over the 44,000 
volt lines, and the coils in the two sections of the 
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high-tension winding would have to "be interspersed so as 
to avoid excessive magnetic leakage when the transform- 
er is acting as an auto-transformer converting from 
60,000 to 44,000 volts. 

In Plates II and III are shown the regulation 
diagrams of the Kern River Line at both 25 and 60 cycles 
and 60,000 and 80,000 volts* The method is Banm f e.# 
a b represents the E.K.F. necessary to overcome the 
resistance of the line with full load current at 100$£ 
power factor* This is in phase with the current, he 

represents the E.M.F. necessary to force the same cur- 

i 

rent through the inductance of the line. This lead* the 
current by 90° since it is in opposition to the E.M.F. 
of self-induction. Hence, ac, which is the vector sum 
of ab and be, represents the total E.M.F. both in phase 
and amount necessary to force full load current at 100^ 
power-factor . through the line. Of course this all ap- 
plies to one leg of the three phase circuit only. If 
there is also a wattless component of the current, the 
E.M.F. necessary to force this through the impedance of 
the line will lead or lag ac by 90° depending upon whether 
the current is leading or lagging respectively. Since, 
the ratio of the wattless component to the energy com- 
# Elec. wfdT.lt ^En^T^Tay Ta7^i5oTr "~ 



24 

ponent of the current is the tangent of the angle whose 
cosine is the power-factor, we can lay off the drop due 
to the wattless component of the load cd or cd 9 by mak- 
ing the angle cad or cad 1 -cos" 1 P.F. (cad if the cur- 
rent is leading and cad ( if the current iA lagging). 
Then ad represents the total E.M.F. necessary to force 
the current over the line. Superimposed on this, how- 
ever, is the charging current and if we assume that a 
single condenser at the middle of the line represents 
the effect of the disturbed capacity sufficiently ac- 
curately, and also assume that the charging current is 
in quadrature with the receiver pressure, the triangle 
aek represents the drop due charging current. It is 
similar to the large triangle cba hut shifted 90° ahead 
since the charging current is leading, ae represents 
the inductive drop and ek the resistance drop, hence 
aek represents the total drop due to the charging cur- 
rent* Then the pressure necessary to he maintained at 
the generator end of the line will he the resultant of 
receiver pressure, which in phase with ah, the line drop 
due to current delivered to the receiving circuit ad, 
and the line drop due to the charging current ak. This 
is obtained graphically by laying off the receiver vol- 



25 
tage from k to the left on the horizontal line to o (not 
shown). Then the distance od represents the generator 
yoltage necessary to he maintained* This voltage is 
read from the diagram "by drawing arcs of circles across 
the diagram all with the center at 6 and radii corres- 
ponding to different generator voltages. If the load 
is anything other than full load the line ac is short- 
ened to ac 9 such that the ratio of the load considered 
to full load is the ratio of ac 1 to ac. The angles cad, 
etc. are laid off so that the diagram gives very easily 
the regulation of the line for any load and any power - 
factor. 

The following are the calculations for determin- 
ing the constants used in constructing the diagrams: 

Kern River Line. 60,000 volts receiver pressure. 
Two circuits #00 spaced 6 f c. to c. -116 miles+2^ -118*3 mi. 
Resistance — 0.410 x 118.3 — 48. 50 Ohms. 
Reactance at 60 cycles, 0.280 x 5.28 x 118.3 _ 101.0 Ohms. 

Reactance at 25 cycles. 25 x 101.0-42.08 Ohms. 

TO 

Capacity. 0.077 6 x 118.3 _ 1.81 Microfarads. 
2 login " 72 

1. Fianer Trarisr^rT.Bi.S. , June 1905. 



60 Cycles. 

E^ — 60,000 delta- 34,641 star. 

Ix-86 

I c — Charging current 

_ 63000 x 2 X.60 x 1.81 
18 x lo« — 

— 24.8 amp. 

IiR-4171 

IiX-8686 

IgR,601 

I ft X .1252 

At lOOf. P.F. 

E - 34641-1252+4171 - 

-(601+8686 )j -38690 

KWi-8938 

3. I?R » 1077 
TOOO 

I%R ■ 30 

Ioo"o* 
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25 Cycle 8. 
Ex* 60000 delta -34641 star. 
I x -86 
I c - 63000 x 2 x 25 1.81 

c unnoB 

- 10.3 amp. 

IjR -4171 

IjX-3619 

I^R-250 
2* 

jUX-217 

At 100^ P.P. 

E - 34641-217+4171 

-(250+3619)j -37888 

K W 1 =8938 

3l£R . 1077 
17500 



ISR =5 




K]W 10045 K.W 10020 

Kern River Line at 80,000 volts receiver pressure. 
Two circuits #0 - 8»c to c. -116 miles+2X sag. -118*3 mi. 
Resistance « 0.518 x 118.3-61.28 Ohms. 



Reactance at 60 cycle s j). 298 x 5.28 x 11 8.3 „107.5 Ohms, 

* -. fy * 
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Reactance at 25 cycles, 25 x 107.5*44.78 Ohms. 

30" 

Capacity ,0.0776 x 118.3,1.69 Microfarads. 
2 logi n 96 
A 1 g .li ' g 



60 Cycle 8. 

E^ 80000 delta-46188 star. 

Ii-66 

Ie. 83000 x 2 x.60 M 1.69 
g x lQ 8 

- 30.53 

IlR -4044 

I X X -7095 

I ft R,935 
"ST 

IoX ,1641 
*T- 

K.Wx-9145 

3 I 2 R ,800 

looo 



looo 



25 Cycles. 

E^- 80000 delta-46188 star. 

I x »66 

I» , 83000 x 2 x 25 x 1.69 
c fc x 166 

- 12.72 
IiR-4044 
I x X-2955 
IftR ,390 

I„X .285 

"S- 

K.Wx-9145 
3_I?R « 800 

ioc5o 

I?R ,10 



K.W - 10008 



K.W° -9955 

The following is the exact solution of the gen- 
eral transmission line problem taking account of dis- 
tributed capacity.# 



# MerfTman & "Woodward, higher Mathematics, p. 153. 
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Let E "E.M.F. at any point x in the line, x. being meas- 
ured from the receiving end. 

I "Current at any point x. 

R * Resistance of line in ohms per mile. 

L "Coefficient of self -inductance in henrys per Mi. 

G -Coefficient of leakage in mhos per mile. 

C = Capacity in farads per mile. 

W -2 7? time 8 frequency. 
Then dl -E(G-jWC)dx 

dl «E(G-jWC)~ fl) 

3x 

also fiE«I(R-jWL)dx 

dE „I(R-JWL) (2) 

dx 

Differentiating (1) abd (2) we have 

d2T = dE(G-jWC) (3) 

3x2 Ux 

d2E_dl(R-jWL) (4) 

3x2 "3* 

Substituting (2) in (3) 

d 2 I_I(R-JWL)(G-JWC) 
dx* 

And substituting (1) in (4) we have 

dfg.EXR-JWL) (G-JWC) 

Putting m 2 «(R-jWX)(G-jWC) we have 
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d2E-m2E - - (5) 

dx 2 " 

d 2 I ,m 2 I 46) 

dx? 

Hence E and I are functions differing in their 

limiting conditions only. 

Prom (5) 

d 2 E - m 2 E -0 
dx 2 

{ d + m)(d -m)E»0 
"dir ox 

E-A cosh mx-t-B sinh mx —(7) 

Similarly from (6) 

I -A 1 coa&mx-f-S' sinh mx- (8) 

Substituting the value of E from (7) in (1) we hare 

dl .(A cosh mx + B sinh mx)(G-jWC) 
dx 

Differentiating (8) and equating the coefficients of 

cosh mx and sinh mx in the two values of dl we hare 

dx 
A(G-jWC)-mB» and B(G-jWc) -mA' 

Hence B*» A(O-jWC) and A' , B(G-JWC) 
m m 

Or if we let mi _ m 

" G-JWC 

B»»A_ A',B_ 

m± mi 
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Hence there are only two arbitrary constant©. 

If Ej^ and 1^ are the E.K.F. and current respectively at 

the receiving end of the line, substituting E-Ej^ I -I , 

and x-o in eqa. (7) and (8) we have 

A»E 1 and A 1 - 1^ 

Hence E-E], cosh mx + myl ' sinh mx -(9) 

I -1^ cfcsh ms+E^ sinh mx- --(10) 

mi 
For one circuit of the Kern River line at full 

non-inductive load at 60,000 volts receiver pressure and 
60 cycles with #00 copper we have the solution as fol- 
lows: 

The contents are R- 0.410 

wL- 0.8536 

G «0( Assumed) 
wC- 5.768 x 10" 6 
E X - 34641 
Ii-86 
m 2 = (R-jWL)(G-jWC) 

= (0.410-0. 8536 j) (-5. 768 X 10" 6 j ) 
--4.923 x 10" 6 -2.365 x 10~6j 
This represents a vector of amplitude 5.458 x 10~ 6 and 
phase angle 205°-39*. Hence m will he a vector of am- 



plitude 15.458 x 10- 6 and phase angle 205°-39' . Resolv- 

2 
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ing this into real and imaginary components 

m«-5.183 x 10~ 4 2.278 x 10~ 3 J 
Also mi » m _-5.183 x 10" 4 2.278.x 10" 3 j ,-395. 0-89. 85J 

x e-jve* -57185 x i6 ufl j 

Substituting in eq. (8) and putting x -118.3 we have for 
the generator voltage 

K »34641 COsh(-5.183 x 118.3 x 10-41-2.278 x 118.3 x 
10~ 3 j) + 86x(-395.0-89.85j) sinh(-5.183 x 118.3 x 
10" 4 + 2.278 x 118.3 x 10~ 3 j) 
For getting the hyperbolic sines and cosines of complex 
numbers we have the following formula :# 
cosh(x+jy) - a + jH 
sinh(x+jy)» c+jd 
where a -cosh x cos y 
b - sinh x sin y 
c -sinh x cos y 
d -cosh x sin y 
In this case x--5. 183 x 10" 4 - -0.06131 

y -2.278 x 118.3 x 10" 3 - 0.2695 »15°26' 
Hence a -cosh (-0.06131) cos 15026' - 0.9658 

b* sinh (-0.06131) sin 15°26»- -0. 01633 
c-sinh(-.0.6131)cos 15026'- H).05914 
d -cosh(-0. 06131 >sin 15°26' - 0.2666 
# Merriman & Woodward, Higher Mathematics, p. 143. 
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Then E -34641(0.9658~0.01633j )+86(-395. 0-89. 85j ) (-0.05914 

+ 0.2666J) -33455-556J + 2009-9056J + 457J +2060 

- 37524-9165 j -38628 

The approximate method gives 38690 volts so it 
will he seen that the approximate method is plenty close 
enough for ordinary purposes. 60 cycles was purposely 
taken because the discrepency between the two methods 
would be much greater than at 25 cycles. Both of the 
methods, of course, are based on the assumption that 
both current and pressure wares are <sinu«oidal at all 
points* The error introduced by making this assumption 
would probably be far greater than that caused by the 
use of the approximate solution. 

For zero current the above expressed becomes 
E — 33455-566 j . Hence in the diagram the line ae should 
be 1186 instead of 1252 as given by the approximate 
method. Also ek should be 566 instead of 601. Examin- 
ing the products arising from the second term it is seen 
that to make the diagram correct ab should be 4069 in- 
stead of 4171 and be should be 9599 instead of 8686 . 

The "unit 19 system is used in all stations as far 
as practicable. That is, in the power stations for in- 
stance each generator has its own bank of transformers 
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which are cut out when the generator is so the trans- 
former capacity in operation is always equal to the 
generator capacity. No low tension bus -bar is provided, 
hut duplicate high-tension "bus-bars are installed. This 
will enable a single generator to be connected to a 
high tension line alone through its transformers so that 
the voltage can be brought up gradually if desired for 
testing out in case of line trouble. This also gives 
the operator a chance to work on the oil switches with- 
out shutting down anything. Of course it would be de- 
sirable to Install duplicate exciter bus-bars as well, 
so that when testing defective lines the generator used 
could be separately excited and its voltage controlled 
by means of the exciter field rheostat since ordinarily 
the main field rheostats axe not large enough to lower 
the voltage the desired amount. 

Plates V to XV show the arrangement of the main 
25 cycle wiring in the several stations. No attempt 
has been made to design the 62^2 cycle system at all, 
and simply the bus-bar arrangement of the 11,000 volt 
25 cycle system has been shown. 25 cycle generators 
are used in all of the stations excepting the following 
6£f2 cycle machines: 
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6000 K.W. at Los Angeles, 
400 K.W* at Red lands. 
550 K.W. at Santa Monica, 
Plate XVI shows the sizes and voltages of the 
main transmission lines as re -de signed. 
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